ABSTRACT. We collected data regarding 340 disease resistance quantitative trait loci (QTLs) from the maize genomic database (MaizeGDB). We constructed an integrated linkage map and analyzed this map by using the BioMercator 2.1 software with IBM2 2008 Neighbors genetic linkage map as a reference. We used a meta-analysis method to identify five "consensus" synthetic resistance QTLs located on maize chromosomes 1, 3, 6, and 10, with map intervals of 5.14, 9.00, 28.50, 1.73, and 33.34 cM, respectively. The gene and marker sequences within the five "consensus" QTLs were downloaded from the MaizeGDB website. We identified eight resistance gene analogs (RGAs), through comparison of these sequences with the resistance genes of other members of Poaceae by using the online BLASTx software. On the basis of comparative mapping between the maize genetic map and the rice physical map, 54 rice and 44 maize resistance genes were projected onto the maize IBM2 2008 Neighbors genetic linkage map by using a synteny conservation approach. Additionally, 15 resistance genes in the "consensus" QTL regions were found in two "consensus" QTLs on chromosomes 3 and 6; these resistance genes included rp3, scmv2, wsm2, RG3, RG16, RG36, RG51, RG53, scmv1, mdm1, RG5, RG8, RG10, RG14, and RG29. Our results provide valuable information for fine-mapping QTL, gene cloning, and molecular breeding for resistance in maize.
INTRODUCTION
The development of molecular marker techniques has enhanced our ability to map loci involved in disease and insect resistance in maize and other plant species (Bernardo et al., 1992; Ahn and Tanksley, 1993; Bubeck et al., 1993; Pe et al., 1993; Zaitlin et al., 1993; Freymark et al., 1994; Lübberstedt et al., 1999; Welz et al., 1999a) . McMullen and Simcox (1995) reported that genes involved in resistance to disease and insects were not randomly distributed on a chromosome, but were located in a cluster-chromosome arm or in a specific region. With the exception of chromosomes 7 and 9, disease resistance genes showed a clustered distribution. Studies to determine whether crops use the same regulatory mechanism, such as regulatory proteins (trans-acting factor), or the same cis-element to modify resistance, are required.
The launch of the maize genome project and the development of bioinformatics have led to a rapid increase in the identification of quantitative trait loci (QTLs). However, few identical QTLs have been identified in the same experimental population or the same environment by different researchers or during different years (Welz et al., 1999b) . Goffinet and Gerber (2000) developed a meta-analysis approach to combine the results of several studies that address a set of related research hypotheses. This method provides a modified Akaike criterion that can be used to determine the number of QTLs that are actually represented by the QTLs detected during different experiments. The modified Akaike criterion is computed to select between models with one, two, three, or more QTLs. Simulations are conducted to investigate the quality of the model obtained by using this method in various situations. According to Goffinet and Gerber (2000) , the method allows the length of the confidence interval (CI) of QTLs to be consistently reduced when there were very few "actual" QTL locations. Moreover, integrated QTL analysis may facilitate the identification of "actual" QTLs, and is therefore of considerable interest to researchers. All of the inferred QTLs led to improved resistance to disease and insects in maize. The meta-analysis method has been used to construct integrated QTL maps for resistance to sugarcane mosaic virus, gray leaf spot, and head smut in maize, by compiling the total number of available QTL loci and using the IBM2 2008 Neighbors genetic linkage map as a reference (Chardon et al., 2004; Yan et al., 2004; Li et al., 2005; Ji et al., 2007; Shi et al., 2007; Lü et al., 2008) .
In the present study, we collected data regarding 340 disease resistance QTLs in maize, from the literature publications cited above, and also from internal research programs. We projected these data onto a single reference map. We developed an "overview" statistic to highlight "hot spots" of resistance QTLs. Next, for each linkage group, we used the metaanalysis approach of Goffinet and Gerber (2000) to estimate the number of QTLs underlying the synthesized results, and also their consensus positions. We compared these consensus positions with the few currently available positions of candidate genes for resistance in maize.
Our objectives were 1) to provide valuable information for mapping, isolating, and cloning QTLs in large-genome crops, such as maize, by using rice genome data and 2) to understand the evolutionary forces that have structured the organization of maize genomes.
MATERIAL AND METHODS
We searched the MaizeGDB website (http://www.maizegdb.org/) and Google Scholar (http://scholar.google.co.uk/) for QTL data and published literature reports relating to disease resistance. We collected data regarding 340 disease resistance QTLs. For each of these QTLs, we reviewed the names of the parental lines, the size, the type of plant populations (F2, backcross, near isogenic lines, etc.), the investigated traits, and the calculation methods for phenotypic values (Table 1) .We defined an "experimental" QTL for one of the investigated populations and a given trait in a given environment (a single location or the mean of several locations, depending on the information available from the published literature reports). The original QTL location maps used in each study were downloaded from the MaizeGDB website. Each QTL was characterized according to its map position (most likely position and CI around this position) and the proportion of phenotypic variance (R 2 ). We did not consider QTL allelic effects in the present study. In cases where the CI for the QTL position was not available in the published literature report, we estimated a 5%CI by using the approach described by Darvasi and Soller (1997) as follows:
where N is the size of the population and R 2 is the explained phenotypic variance. The results collected from the QTL mapping experiments involved different genetic maps, which shared only a few common markers. The QTLs were projected on the IBM2 2008 Neighbors genetic linkage map, in which 237 RFLP and SSR markers were selected to provide an unambiguous locus order. All of these markers were subsequently located on the reference map based on their relative distances to flanking framework markers, while maintaining constant distances between the framework markers. Finally, we projected the most probable position for each QTL, and the left and right flanking ends of the CI, by using a homothetic function, based on common markers between the reference map and the QTL map. In a few cases, we found discrepancies in these common markers between the initial QTL and the reference map. When possible, we discarded inverted markers from the projection process and used the next flanking markers. Otherwise, the QTL was not projected. To quantify the contribution of a given genomic region to phenotypic trait variation, we calculated a statistical parameter, hereinafter termed overview, which estimated the probability that a given genome segment comprised a QTL in one of the experiments considered. When the estimated position of the input QTL (QTLi) was projected on the reference map, we considered that the true position of the QTLi was normally distributed around the most likely location pi of the QTL, with a variance S i 2 : N (p i , S i 2 ) (Visscher et al., 1996) . In most of the investigated experiments, the limits of the CI of the QTL position were estimated as the positions where the lower limit of detection (LOD) value decreased by one unit relative to the value of the most likely position. This interval approximately corresponded to a 5% CI (Lynch and Walsh, 1998) ; hence, S i 2 was estimated as follows:
For each QTL of a given linkage group, we calculated (every 0.5 cM) the probability that the true position lay between positions x and x -0.5. Next, we used the following expression to estimate the average probability that segment x, x -0.5 comprised a QTL in an experiment:
where nbQTL is the number of QTLs and nbE is the total number of experiments. This parameter was plotted along the reference map. To highlight regions where the density showed a notable peak, we plotted the average value of the parameter on the same graph. This average value was equivalent to the uniform probability that segment(x, x + 0.5) comprised a QTL in an experiment, for a known average number of QTLs per experiment (nbQTL/nbE), without information on QTL positions:
We used the QTL meta-analysis algorithm developed by Goffinet and Gerber (2000) to determine whether N QTLs linked to a same trait or related ones, or detected in independent experiments and located in the same region, were consistent with 1-, 2-, 3-, 4-, or N-QTL models (N-QTL model being the case where there are as many "real" QTLs as there are QTLis). For each of the five models, we determined the most likely QTL arrangement, assuming a Gaussian distribution, by using the maximum likelihood method. Thereafter, we used an Akaike-type statistical criterion to indicate the best among the five models.
For each model, we determined the consensus QTL positions by using the mean of the QTL distribution maximizing the likelihood. We estimated the variance of QTL consensus position as follows: Meta-analysis computing was based on the position of each QTLi, and on the variance of this position, which was assessed through CI values.
To construct a comparative map of the maize and rice genomes, we downloaded 95 resistance genes mapped on chromosomes of rice (R-genes) from http://www.gramene.org/. The maize contigs and their BAC tags, which were homologous with R-genes, were determined by using the homothetic function (http://ensembl.gramene.org/Zea_mays/Info/Index); these R-genes were in silico mapped on the physical map of maize, based on gene sequence synteny conservation between maize and rice. The R-genes were also located on the IBM2 2008 Neighbors genetic linkage map based on map position coordinate analysis between maize BAC tags and markers. The maize resistance genes were downloaded from the MaizeGDB website and projected onto the IBM2 2008 Neighbors genetic linkage map.
We selected the disease QTL markers within the "consensus QTL" on the IBM2 2008 Neighbors genetic linkage map, and searched for any associated sequences of the DNA and EST information on the MaizeGDB website. We conducted multiple sequence comparisons of maize against rice by using TBLASTX; we considered sequences with an E-value of <1e-6 and a sequence identity of >75% over a minimum150-bp high-scoring segment pair. To avoid spurious associations between sequences that were identical only in terms of a small common domain, we defined significant overlap between two sequences as an overlap of ≤60% of the sequence length. In some cases, the sequence of a given species showed a high identity with two or more sequences of another species. We used the DNAMAN protein-translation software to deduce the open reading frame. We identified and verified the resistance candidate genes by analyzing the overlapping regions of the gene positions and QTLs.
RESULTS
We obtained 340 resistance QTLs, accounting for 12 types of maize disease. We constructed a "consensus" map by using the high-density IBM2 2008 Neighbors genetic linkage map ( Figure S1 ) and the adjacent markers to each QTL. We used the meta-analysis approach to identify five common "consensus" resistance QTL intervals, located on chromosomes 1, 3, 6, and 10 (Table 2 ). Figure 1 shows the results of the overview statistic for QTL repartition along the maize genome. The value of the density curve was 69 times higher than the average value, indicating that several tens of regions were involved in disease resistance in maize disease. The curve showed close peaks located on chromosomes 1, 3, 6, and 10. Five regions displayed higher values (empirically determined as five times the average value of the curve).
(Equation 6)
By using meta-analysis, we initially detected 340 QTLs located in "consensus" loci. In accordance with the overview method, these loci were widely distributed throughout the maize genome. Meta-analysis comprised a powerful tool for estimating a larger number of QTLs in real regions, which displayed the complex patterns of the overview curve. For example, the meta-analysis results for the hot-spot region on the chromosome are shown in Table 2 .
On the basis of statistical analysis of disease resistance genes and markers in "consensus" QTL regions, we found 232 sequence fragments containing disease resistance genes (Table 3) . We identified five positional candidate resistance genes within the "consensus QTL" on chromosomes 1 and 3 (Table 4) . Specifically, sequence CF025181 contained the GIST-C-DHAR conserved domain related to the hydroa protein gene; sequence CF025181 contained the conserved domain related to the hydroa protein gene; sequence CC824988 contained the SMC conserved domain related to the virus gene; sequence BM335300 contained the conserved domain related to the virus gene; sequence CG366993 contained the NB-ARC conserved domain related to the pathogenesis-related protein; and sequence AY106058 contained the SMC conserved domain related to the pathogenesis-related protein.
We downloaded data regarding 130 resistance genes of rice, e.g., rust resistance kinase, disease resistance protein, and resistance protein homolog, from http://www.gramene. org. We determined the contigs and clones of maize, which were homologous with the Rgenes, by using gene sequence homologous analysis with the homothetic function (http:// ensembl.gramene.org/Zea_mays/Info/Index). Among 130 R-genes of rice, 54 genes were relocalized on the maize physical map and were further mapped on the IBM2 2008 Neighbors genetic linkage map (Figure 2) . We constructed and analyzed the integrated linkage map by using a map chart that included 98 R-genes in maize and rice. Comparison of the location of rice and maize R-genes revealed that 15 rice R-genes were located within the "consensus" QTL regions; these genes included rp3, scmv2, wsm2, RG3, RG16, RG36, RG51, RG53, scmv1, mdm1, RG5, RG8, RG10, RG14, and RG29. 
DISCUSSION
The "consensus" QTL map presented here has implications for maize breeding. For instance, the QTL for virus resistance was relatively tightly clustered, suggesting that a limited number of loci are involved in conditioning virus resistance. Thus, pedigree breeding may represent the most appropriate strategy for transferring virus resistance; moreover, markerassisted selection may be feasible. For northern corn leaf blight, the reported QTL distribution was much more diffused. Therefore, to improve resistance to this disease, it may be appropriate to bring together diverse sources of resistance alleles. Recurrent selection may be the most effective way of achieving this. Ceballos (1991) reported that recurrent selection dramatically enhanced resistance to northern corn leaf blight.
On the basis of the diversities of organisms and resistance responses of loci mapping within a particular cluster, it is unlikely that all genes in clusters are involved in signal transduction. The bx1 locus controlling the synthesis of DIMBOA, and the p1 locus controlling the synthesis of maysin may provide clues to a second class of genes that may be involved in gene clustering through duplication. Grotewold et al. (1998) showed that regulation of the anthocyanin pathways was controlled by a set of myb-like and myc-like transcription regulators. Duplicated elements were usually associated with these loci. Similar to the involvement of the p1 locus in the synthesis of maysin, the action of the bx1 gene is consistent with this locus acting as a transcription regulator for genes in the DIMBOA biosynthetic pathway. If it is the case that other QTLs or single resistance genes function as transcription regulators, it is possible that structurally related resistance genes, such as myb-like or myc-like, are able to control biochemical pathways for compounds that are effective against very diverse pathogens or pests.
On the "consensus" map, disease QTLs completely or almost completely covered each of the chromosomes. This may be due, in part, to a multiplicity of genes conditioning resistance. However, the near-complete genome coverage is largely caused by the low preci- 
